Plant fiber, including various forages and straw, consists of 40% cellulose, 35 to 48% hemicellulose, small amounts of pectin, and lower but variable amounts of lignin (9) . The xylan polymer of hemicellulose from these sources is substituted to various degrees with acetyl, arabinosyl, and glucuronyl residues and is cross-linked via esterified ferulic acid and/or p-coumaric acid between the arabinose side chains (8, 14, 36, 39, 42) . Ford and Elliott (12) concluded from their work that the resistance of plant cell walls to degradation in the rumen was related to the different types and quantities of cross-linking bonds between the cell wall polymers. These bonds are cleaved by ferulic acid esterase and/or by p-coumaric acid esterase (30) and a-L-arabinofuranosidase (29) .
Acetylation of the xylose residues in xylan may also impede forage cell wall digestibility in vivo and inhibit its enzymatic degradation in vitro (1, 3, 16, 35) . Substitution with glucuronyl residues has been shown to inhibit fungal xylanase from completely degrading glucuronoxylan (39) . The acetyl and glucuronyl residues are removed by acetylxylan esterase (4) and glucuronidase (37) , respectively. Thus, as documented in nonruminal enzyme systems (3, 27, 31) , a combination of enzymes is necessary for more rapid and complete hydrolysis of these mixed polymers.
Fibrobacter succinogenes has the ability to extensively degrade plant cell walls (11, 24) . Since the cell wall polymers are extensively cross-linked by various means and substituted with acetyl residues, it would seem logical for F. succinogenes to possess enzymes capable of cleaving these bonds. In this study, we have extended the initial observation of Williams and Withers (43) , that F. succinogenes produced an esterase enzyme, by reporting the distribution, the synthesis, and some properties of an acetylesterase from cells grown on glucose or on cellulose. We also demonstrate that F. succinogenes produces an acetylxylan esterase, a ferulic acid esterase, and an a-L-arabinofuranosidase. * Corresponding author.
MATERIALS AND METHODS
Organism and growth conditions. The organism used in this study was Fibrobacter succinogenes subsp. succinogenes S85, formerly Bacteroides succinogenes S85 (34) . It was grown in a medium identical to that described by Scott and Dehority (40) , except that ammonium sulfate was used as the sole nitrogen source, with 0.3% (wt/vol) Avicel microcrystalline cellulose PH105 (FMC Corp., Marcus Hook, Pa.) or 0.5% (wt/vol) glucose as the carbon source. The medium was prepared by the method of Groleau and Forsberg (17) . For growth and enzyme distribution studies, the cells were grown in 300-ml batches contained in 500-ml round-bottom flasks that were sealed with no. 6.5 recessed butyl rubber stoppers. Cells for preparation of the inoculum were subcultured several times in a medium corresponding to that which was to be inoculated. For larger volumes of culture, cells were grown in 10-liter batches in 14-liter fermentors as described by Huang and Forsberg (23) . The medium used was the one described above, with 0.4% (wt/vol) cellulose. The fermentation was started with a 6% (vol/vol) inoculum of late-exponential-phase cellulose-grown F. succinogenes culture and incubated at 39°C with a stirring rate of 110 rpm. The cells were harvested by centrifugation after most of the cellulose was digested (about 50 h).
Preparation of nonsedimentable extracellular culture fluid.
The cell-free supernatant fluid was concentrated approximately 20-fold by ultrafiltration by the method of McGavin and Forsberg (33) . The nonsedimentable fraction was obtained by centrifugation of the concentrated material at 100,000 x g for 2 h. Preparation of the ferulic acid-arabinose-xylose (FAX) polymer. A hydrolysate was prepared from 50 g of wheat bran as described by MacKenzie and Bilous (30) . It was freezedried, and the material was suspended in 200 ml of methanol and filtered through Whatman no. 1 filter paper to remove insoluble material. The methanol was evaporated in vacuo at 35°C, and the residue was dissolved in a minimal amount of distilled water (100 ml). Three milliliters of the hydrolysate was fractionated by high-performance liquid chromatography (HPLC) on a Bio-Sil ODS-5S reverse-phase column by using methanol-water (3:7) as eluate (41) at a flow rate of 0.8 ml/min and collecting 0.8-ml fractions. The retention time of FAX in this system was 10 min. The presence of FAX in the fractions was determined by analyzing UV and visible light absorption spectra, and the appropriate fractions were pooled (41) . The concentration of FAX was determined by measuring the change in A347 before and after a sample was completely hydrolyzed in 0.1 M NaOH (41) and by HPLC (see below).
Analysis of FAX. Two milliliters of FAX (22 ,ug of ferulic acid per ml) was added to 10 ml of 2 M trifluoroacetic acid and heated at 100°C for 90 min. (18) . Three micrograms of p-anisic acid (in methanol) was added to each sample as the internal standard.
Enzyme assays. Endoglucanase, xylanase, ,-xylosidase, and a-L-arabinofuranosidase were assayed by methods described previously (13) . For the P-xylosidase and oL-L-arabinofuranosidase assays, p-nitrophenyl ,B-D-xyloside and pnitrophenyl a-L-arabinofuranoside were added at final concentrations of 5 the extracellular cell-free culture supernatant, and of the cells were measured at intervals during growth on glucose and on cellulose (Fig. 1A and B and Fig. 2A and B) . The specific activities of the esterase in various fractions were also determined ( Fig. 1C and 2C) .
It can be seen that a greater biomass yield was obtained on glucose than was obtained on cellulose, although the total esterase activities of both cultures are similar. The ratio of supernatant to cell-associated enzyme was greater for cellulose-grown cultures. As a result, the specific esterase activity of the various fractions from cellulose-grown cells was higher than that of the respective fractions from glucosegrown cells, with the supernatant of the cellulose-grown culture having the highest specific activity.
The distribution of the acetyl esterase activity in cellulosegrown F. succinogenes was determined (Table 1) . It can be seen that 69% of the total esterase activity was in the extracellular culture fluid and that 65% of it was nonsedimentable and presumably of low molecular weight.
Accessibility of the cell-associated esterase. F. succinogenes cells were disrupted by several different methods. To assess the efficacy of the methods, GDH activity, a cytoplasmic marker, was measured for each cell extract. Sonication resulted in the highest GDH activity and was taken as 100% breakage. The other fractions demonstrated lower GDH activities, which were expressed as percentages of the GDH activity from the sonicated cells ( (Table 3) ; of the activities assayed, the arylesterase, xylanase, and endoglucanase activities were the highest.
DISCUSSION
Fibrobacter succinogenes was observed to produce constitutively acetyl esterase activity, the bulk of which was It has been reported that ferulic and p-coumaric acids cross-link the xylan backbone of hemicellulose, forming a matrix that stabilizes cell walls (15) . Furthermore, alkali treatment of Italian ryegrass (Lolium multiflorum) yielded both dehydrodiferulic acid (20) and 4,4'-dihydroxytruxillic acid (21) , indicating that oxidative coupling and photoinduced cyclodimerization were possible chemical crosslinking mechanisms. It has been suggested that dimer formation causes greater cell wall rigidity and consequently lowers its biodegradability in the rumen (19) . This hypothesis is supported by Ford and Elliott (12) , who found that digestibilities of pangola (Digitaria decumbens), Setaria anceps, barley straw, and sugar cane were inversely proportional only to the amount of alkali-soluble phenolics, not to the amount of any other wall constituent. Both alkali-soluble phenolic content and resistance to degradation increased with plant maturity.
There is strong evidence that polyphenolic lignin may shield carbohydrates from degradation by covalently linking to the cell wall. Neilson and Richards (37) activities might function to break these cross-links, thereby simultaneously loosening the wall structure and releasing lignin and thus allowing further penetration of the glycosidic hydrolases. This may help account for the superior ability of F. succinogenes to degrade plant cell walls compared with the abilities of other bacteria (11) . Thus, F. succinogenes may be able to bypass the polyphenolic lignin, which cannot be metabolized in the anaerobic ruminal environment (10) .
The evidence supporting the inhibitory effect of acetylation on the complete enzymatic degradation of isolated acetylxylan in vitro is considerable; however, its effect on the in vivo digestibility of forage remains unclear. In several reports xylanase and acetylxylan esterase have been shown to function synergistically to more rapidly and completely degrade acetylxylan (3, 38) . Furthermore, Grohmann et al. (16) found that, by treating xylan with hydroxylamine, which removes acetyl groups but leaves lignin intact, results in a five-to sevenfold increase in its enzymatic degradation. Chesson (7) reported that treatment of forage with sodium hydroxide, which releases acetyl groups and ester-linked phenolics, results in a substantial enhancement of forage digestibility. Although saponification of ester bonds appears to be the major effect, alkali treatment has been shown to produce other substantial structural changes in the plant cell wall, such as the solubilization of hemicellulose, lignin, and silica and the swelling of cellulose (25) . Therefore, to ascribe a direct causal relationship between release of acyl groups and digestibility of forage is premature, and further study is required. The isolation of an esterase-deficient mutant of F. succinogenes may prove valuable in assessing the inhibitory effect of acylation on cell wall digestion.
Very little is known about microbial esterase production in the rumen. Lanz and Williams (28) studied the esterase activity of Butyrivibriofibrisolvens. There are distinct differences between the esterase activity of this organism and that ofF. succinogenes. First, the esterases of B. fibrisolvens are more strongly cell associated, being released only after sonic disruption. Second, the esterases from B. fibrisolvens have a much broader substrate specificity, hydrolyzing longer-chain naphthyl fatty acid esters, several triglycerides, and aromatic fluorescein diesters with an aliphatic chain length of up to C12. Consequently, this activity could be classified as either esterase or lipase, whereas that from F. succinogenes appears to lack the lipase characteristic.
F. succinogenes seems to be unique among ruminal microorganisms in having an esterase that, first, has specificity for naphthyl acetate and, second, is predominantly secreted into the extracellular culture fluid. Hespell and O'BryanShah (22) examined strains of B. fibrisolvens, Bacteroides ruminicola, Selenomonas ruminantium, Ruminobacter amylophilus, and Streptococcus bovis for naphthyl and p-nitrophenyl esterase activities. All strains could hydrolyze pnitrophenyl butyrate, and strains that were tested could hydrolyze esters with an aliphatic chain length of up to C8. They also reported acetylxylan esterase activity from B.
fibrisolvens.
It is unknown at this time whether the a-naphthyl acetate esterase has activity on either or both acetylxylan and the ferulic acid ester. When xylan-degrading enzymes from Streptomyces olivochromogenes were fractionated on anionexchange HPLC, all three activities overlapped in one peak that eluted with a linear salt gradient and two acetylxylan esterase peaks eluted in a region devoid of acetylesterase activity (27) . Ferulic acid esterase activity from Schizophyllum commune eluted where there was no p-nitrophenyl acetate activity (30) . Poutanen and Sundberg (38) have purified an acetyl esterase from Trichoderma reesei which has activity toward acetylxylan, triacetin, xylose tetraacetate, and glucose pentaacetate. Because of the different specificities of esterases from different sources, it is impossible to predict the substrate specificities of enzymes exhibiting acetyl esterase activity. We are now in the process of purifying the esterase enzymes to resolve the question of substrate specificity.
